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Olefin Epoxidation in Aqueous Phase Using Ionic Liquid 
Catalysts: Influence of the Cation on the Catalyst Activity and the 
Solubility of the Substrate in Water 
Mirza Cokoja,*[a] Robert M. Reich,[a] Michael E. Wilhelm,[a] Marlene Kaposi,[a] Johannes Schäffer,[b] 
Danny S. Morris,[c] Christian J. Münchmeyer,[a] Michael H. Anthofer,[a] Iulius I. E. Markovits,[a] Fritz E. 
Kühn,[a] Wolfgang A. Herrmann,[a] Andreas Jess[b] and Jason B. Love[c]  
Abstract: Hydrophobic imidazolium-based ionic liquids (IL) act as 
catalysts for the epoxidation of unfunctionalized olefins in water using 
hydrogen peroxide as oxidant. Although the catalysts are insoluble in 
both the substrate and in water, surprisingly, they are very well soluble 
in aqueous H2O2 solution, owing to perrhenate-H2O2 interactions. 
Even more remarkably, the presence of the catalyst also boosts the 
solubility of substrate in water. This effect is crucially dependent on 
the cation design. Hence, the imidazolium perrhenates enable both 
the transfer of hydrophobic substrate into the aqueous phase, and 
serve as actual catalysts, which is so far unprecedented. At the end 
of the reaction and in absence of H2O2 the IL catalyst forms a third 
phase next to the lipophilic product and water and can easily be 
recycled. 
For more than two decades, research on ionic liquids (IL) has 
been enjoying ever-growing academic and industrial interest.[1] 
ILs exhibit a high polarity and tunable hydrophobicity, which are 
going far beyond the physical and chemical properties of standard 
solvents in synthetic chemistry. The variation of cations and 
anions allows for an access to a huge library of compounds. 
Hence, ILs provide a versatile reaction medium, especially for 
multiphase chemical (catalytic) reactions where catalyst recycling 
and reusability play an important role.[2] The properties of ILs as 
reactants or catalysts are, on the other hand, comparatively 
underdeveloped. Beyond protic ILs for H+-catalyzed reactions,[1b] 
and those containing halometalate[2b] or halide anions for catalytic 
cycloadditions of epoxides and CO2 to carbonates,[3] there are few 
basic reactions that are catalyzed by ILs. For example, in the 
epoxidation of olefins[4] ILs currently only act as solvents with the 
aim of easier catalyst recycling and reusability.[5] The potential of 
ILs as catalysts is relatively unexplored. The most prominent 
examples in epoxidations involve polyoxometalates and other 
homogeneous metal complexes as catalysts for multiphase 
epoxidations in organic media using additional phase transfer or 
micellar reagents.[ 6 , 7 , 8 , 9 ] In this context, the phase transfer 
enables the catalyst to enter the organic phase containing the 
substrate in order to increase the activity. However, the product 
and the catalyst are in the same (organic) phase, so that efficient 
recycling is still a problem, particularly with respect to the 
epoxidation of lipophilic substrates. The transfer of a hydrophobic 
olefin substrate into the aqueous phase containing catalyst and 
oxidant would facilitate the catalyst separation, but has scarcely 
been reported on.[8] We have shown that imidazolium salts 
containing nucleophilic anions, such as the readily available 
perrhenate ([ReO4]-) anion, activate hydrogen peroxide via 
hydrogen bonding.[10] The activation of H2O2 by hydrogen bonds 
has been reported before,[11] however for compounds which have 
been regarded as notoriously inactive in epoxidation catalysis, 
this has been uncommon. Moreover, we recently reported on the 
extraction of [ReO4]- by organic receptors from the aqueous 
phase into toluene, which leads to the ‘switching on’ of the 
catalytic activity of perrhenate for epoxidation and allows for a 
simple catalyst extraction and reusability.[ 12 ] This effect was 
originally ascribed to the hydrophobic character of ILs rendering 
hydrogen bonding between [ReO4]- and H2O2 favorable, since 
compounds such as potassium or ammonium perrhenate do not 
show any activity. However, the exact role of the cation on the 
boost of catalytic activity of perrhenate is still unclear and warrants 
a deeper investigation.  
To this end, in this work we have investigated the interplay 
between the degree of ion pairing, selectivity and solubility effects 
in the presence of IL catalysts and the consequences on their 
catalytic activity. Herein, we show that the substituents at the 
imidazolium ring have a dramatic effect on the solubility of the IL 
catalysts in aqueous H2O2, thus affecting the catalytic activity.  
 
 
 
 
 
 
 
 
 
 
Figure 1. Illustration of IL catalyst cations used in this study (Me = methyl, n-Bu 
= n-butyl, n-Oct = n-octyl, n-Do = n-dodecyl). Anion: [ReO4]-. 
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The cations of the used perrhenate catalysts are shown in Figure 
1. Starting from 1,3-dimethylimidazolium perrhenate (1) we have 
modified the C2 position as well as the second N-wingtip 
substituent. Previous studies have shown that for imidazolium-
based ILs containing nucleophilic anions, the ion contact strength 
can most efficiently be controlled by substituting the C2 proton by 
a methyl group, affecting both the physical properties (e.g. melting 
point)[13] and the catalytic properties of the anion.[14] Hence, the 
C2 proton in 1-alkyl-3-methyl imidazolium perrhenates has been 
substituted by Me and n-Bu moieties in order to change the nature 
of cation-anion contacts. It has been shown that introduction of a 
methyl substituent to the C2 position has an impact on the basicity 
of the anion.[15] Furthermore, in order to study the effect of the 
hydrophobicity of the ILs, alkyl chains with varying lengths, i.e. n-
Bu, n-Oct, n-Do substituents, have been added to one of the N-
wingtips. As typical test substrate, cyclooctene was subjected to 
epoxidation in a two-phase system with aq. H2O2 (50 wt.%) and 5 
mol % catalyst at 70 °C (Table 1). It should be noted that after 4 
h reaction time for all catalysts studied the selectivity of 
cyclooctene oxide was >99 %, i.e. possible by-products such as 
cyclooctane diol were not observed. After 24 h of reaction time in 
the cases of ILs 7 and 8 a slight decrease of the selectivity of 
epoxide was observed (<5 %), indicating ring opening of the 
product and formation of the respective diol. 
 
The results show that imidazolium cations with a proton in the C2 
position and short N-alkyl chains lead to low conversion even after 
24 h reaction time (Table 1, Entries 1 and 2). This may be a 
consequence of a strong cation-anion imidazolium-H–OReO3 
contact. On the other hand, substitution of a C2 proton by Me or 
n-Bu groups in these cases does not lead to a dramatic increase 
in activity, at least not within the first 4 h of reaction (Table 1, 
Entries 5, 6 and 9). This suggests that the anion activity is not 
primarily influenced by ion contacts, but that the catalyst 
hydrophobicity plays a more important role. This hypothesis is 
supported by the fact that ILs having a methyl group at the C2 
position, as well as n-octyl and n-dodecyl N-groups exhibit the 
highest catalytic activities (catalysts 7 and 8, Entries 7 and 8 in 
Table 1), yielding the product in 88 and 85 % yield, respectively 
(TOFs = 6 h-1). Longer alkyl chains in the C2 position, such as an 
n-butyl substituent, however, have a detrimental effect on the 
activity (Table 1, Entries 9-12 and Figure S3 in the SI). While in 
the case of catalyst 9 the two N-Me groups most presumably still 
render the catalyst too hydrophilic to be as active as the 
benchmark catalysts 7 and 8, in the case of catalysts 11 and 12 
the n-Oct and n-Do wingtip groups are too hydrophobic forming a 
third phase next to aq. H2O2 and cyclooctene, suggesting that 
these ILs are too hydrophobic (Table 1, Entries 11 and 12). Figure 
S3 in the SI and Table 1, Entry 10 show that catalyst 10 exhibits 
a rather low activity during the first 4 h of reaction time before it 
reaches quantitative conversion of cyclooctene after 24 h. The 
generally low (initial) activities of catalysts 9-12 are most likely a 
consequence of a three-phase system substrate/aq. 
H2O2/catalyst, i.e. the low solubility of the catalyst in the aq. phase 
and/or the low solubility of the substrate in the aq. phase. 
Obviously, in this series catalyst 10 provides the relatively highest 
solubility in the aq. H2O2 phase, while exhibiting a sufficiently 
hydrophobic imidazolium cation bearing one Me group and two n-
Bu groups to allow for a solubilization of the substrate in the aq. 
phase (see below). Hence, the activities of catalysts 9-12 reflect 
the subtlety of the influence of the ring substituents, most 
particularly the C2 position. 
The hypothesis of the influence of the substituent at the C2 ring 
position of the IL cation on the solubility features of the catalyst 
and finally the catalytic activity is strengthened by a closer look at 
the series of 1-methyl-3-n-octyl imidazolium perrhenates, among 
which catalyst 7 is the most active (see Figure 2).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Kinetic plot of the conversion of cyclooctene to cyclooctene oxide with 
IL catalyst 7 (solid line), 3 (dashed line) and 11 (dotted line). Continuous samples 
(0.1 mL) were taken from the top phase (substrate + product), mixed with an internal 
standard (toluene, 1.0 mL) and analyzed by GC. 
To gain a more thorough understanding of the effects 
underlying the difference in activity for catalysts 3, 7 and 11, we 
Table 1. Conversion of cyclooctene after 4 and 24 h reaction time using 
catalysts 1–12.[a]  
 
 
 
Entry Catalyst Conv. after 4 h [%] Conv. after 24 h [%] 
1 1 3 22 
2 2 7 55 
3 3 44 98 
4 4 64 96 
5 5 4 60 
6 6 8 70 
7 7 88 100 
8 8 85 100 
9 9 5 60 
10 10 24 100 
11 11 21 34 
12 12 2 8 
[a] Reaction conditions: 10 mmol cyclooctene, 0.5 mmol catalyst (5 mol %), 
25 mmol oxidant, T = 70 °C.  The conversions and selectivities were analyzed by 
GC. 
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focused on three aspects, namely the IL-catalyzed H2O2 
decomposition (as a competing reaction to the desired 
epoxidation), catalyst solubility and substrate solubility. While 
catalysts 3 and 11 showed moderate conversions of H2O2 to O2 
without substrate, H2O2 conversion was below 1 % in 1 h in case 
of catalyst 3 when substrate was present. For catalyst 7, activity 
toward H2O2 decomposition was below 1 % in either case. From 
these findings we infer that H2O2 decomposition is not decisive at 
least for explaining activity differences of catalysts 3 and 7.  
While the catalysts 3, 7 and 11 show a solubility in water of less 
than 2 wt.%, surprisingly, catalysts 3 and 7 exhibit very good 
solubility (completely miscible and 25 wt.%, respectively) in aq. 
H2O2 (50 wt.%), which hints to a high degree of [ReO4]-–H2O2 H-
bonding contacts. The most hydrophobic catalyst 11 is, on the 
other hand, insoluble in aq. H2O2 (50 wt.%), forming a third phase 
at the onset of reaction. Furthermore, the solubility of catalysts 3, 
7 and 11 was below 100 ppm in cyclooctene, which suggests that 
epoxidation occurs in the aqueous phase. To support this 
hypothesis, for the catalytic epoxidation of cyclooctene the molar 
catalyst:substrate:oxidant ratio was changed from 5:100:250 to 
5:100:100. Using this ratio, catalyst 7 is no longer entirely soluble 
in the aqueous phase, which leads to a reduced activity (see the 
Supporting Information, SI, Figure S4). Catalyst 3, which is 
completely miscible with aq. H2O2, does not show any change in 
activity within the first 4 h of reaction time. This finding rules out 
conventional phase transfer catalysis, i.e. transfer of reagents 
from the aqueous to the organic phase with the aid of a phase 
transfer agent. 
Given that the different cation structures of IL catalysts 1-12 are 
not expected to exert a direct chemical influence on the reaction 
mechanism itself, we assumed that IL-mediated solubilization of 
cyclooctene into the aqueous phase may play a key role in 
explaining different activities. It has been reported before that 
water-soluble ILs can increase the solubility of hydrophobic 
compounds in the aqueous phase.[ 16 ] We determined the 
cyclooctene content in the aq. H2O2 phase containing catalytic 
amounts of IL catalyst 3, 7 or 11, respectively (catalyst:oxidant 
ratio of 5:250), by means of simple extraction of cyclooctene from 
the aqueous phase with heptane. Experiments were restricted to 
room temperature in order to avoid any catalytic conversion. In a 
blank sample without IL the cyclooctene solubility in aq. H2O2 
(50 wt.%) was 50 ppm. It is noteworthy that catalysts 3 and 7 
greatly promoted cyclooctene solubility in the aqueous phase by 
a factor of at least 50 (Figure 3, left), whereas for catalyst 11 no 
measurable effect was observed. It clearly shows transfer of 
cyclooctene into the aq. phase is around 30 % less efficient for 
catalyst 3 than for catalyst 7. This finding qualitatively 
corroborates the dependence of the catalytic activity (see Figure 
2) on the phase transfer ability of the IL catalyst. A probable 
reason for this finding might be micelle formation of the IL 
catalysts in aqueous environment, which has been discussed in 
the literature.[16, 17, 18, 19, 20] As the ILs only differ in their cation 
substitution pattern, minor differences in hydrophobicity could 
result in different modes and numbers of aggregation and hence 
in different capabilities of forming micelles and of solubilizing 
cyclooctene. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Left: Molar ratio of cyclooctene to IL 3 and 7 in aq. H2O2 (50 wt.%) at 
room temperature. Right: Comparison of molar ratio of cyclooctane to IL 3 and 
7 in aq. H2O2 (50 wt.%) at room temperature and 70°C (molar composition as 
given in Table 1 [a]). 
To further clarify if the trend of solubilization of cyclooctene by 
catalysts 3 and 7 also holds at reaction temperature (70 °C), 
analogous extraction experiments were performed using 
cyclooctane instead of cyclooctene at room temperature and at 
70 °C (Fig. 3, right). By doing so, any bias originating from an 
ongoing reaction could be excluded. It is evident that the trend at 
room temperature is the same as with cyclooctene, yet less 
pronounced with IL 3 solubilizing only 20 % less cyclooctane than 
IL 7. Surprisingly, the amount of solubilized cyclooctane 
decreases by a factor of 2 for either catalyst when temperature is 
increased to 70 °C. This means that qualitatively the results for 
cyclooctene at room temperature are expected to be valid also at 
reaction conditions. 
The IL catalyst 7 can be recycled by extraction of the product 
with THF and subsequent IL extraction with CH2Cl2 (for details 
see the Supporting Information) for at least ten times without loss 
of activity, showing that this system can be recyclable without loss 
of the expensive metal. However, an even more convenient 
method of separating the catalyst from both the aqueous phase is 
to quench the excess of H2O2, which inevitably leads to separation 
of the catalyst from the aqueous phase. 
Catalyst 7 was also used as catalyst for the epoxidation of 1-
octene and propene. While 1-octene is converted to 70 % after 4 
h (100 % after 24 h, epoxide selectivity >99 %) under the same 
conditions as for the epoxidation of cyclooctene (see Table 1), 
propene is converted to 40 % after 34 h with a propene oxide 
selectivity of 50 %. While lower activities could be rationalized by 
decreased IL-mediated solubilization of the substrates, in 
particular for the short-chain compound propene, we assume that 
the decrease in selectivity is due to high solubility (40 wt.% in 
water) of propene oxide in the aqueous phase and its subsequent 
conversion to the diol.  
In summary, for the first time it is shown that imidazolium-
based ILs bearing simple, nucleophilic anions act as epoxidation 
catalysts. Compared to the catalytic activity of classic molecular 
transition metal catalysts for epoxidations, the overall activity of 
the presented IL catalysts is average to good. Nevertheless, the 
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IL catalysts bear to striking advantages: they can easily be 
recycled and they can easily be modified for a broad spectrum of 
different substrates. The reaction takes place in the aqueous 
phase and the IL catalysts are able to deliver significant amounts 
of olefin to the aqueous phase. This is to the best of our 
knowledge the first time reported in literature that the catalytic 
compound itself acts both as catalyst and substrate-solubilizer in 
epoxidation catalysis in water. By designing the cation it is 
possible to fine-tune both the solubility properties, as well as the 
Coulomb-interactions between the cation and the anion, 
particularly in presence of aqueous hydrogen peroxide. As such, 
a good IL epoxidation catalyst must have a hydrophobic cation, 
which solubilizes the substrate into the aq. phase, and allow for a 
high degree of perrhenate-hydrogen peroxide interactions, which 
render the IL soluble in aq. H2O2. With this knowledge at hand, a 
library of ILs for different substrates can be screened with respect 
to their relative solubilities in the multiphase catalysis system. 
Formation of micelles of imidazolium perrhenates in aqueous 
hydrogen peroxide is a presumable scenario, which appears to 
be influenced by the structure of the ion pairs and the length of 
[1]    a) T. Welton, Chem. Rev. 1999, 99, 2071–2083; b) J. P. Hallett, T. Welton, 
Chem Rev. 2011, 111, 3508–3576; c) T. Welton, Coord. Chem. Rev. 
2004, 248, 2459–2477; d) N. V. Plechkova, K. R. Seddon, Chem. Soc. 
Rev. 2008, 37, 123–150. 
[2]      a) P. Wasserscheid, T. Welton (Eds.), Ionic Liquids in Synthesis, 2nd Ed., 
Wiley-VCH Weinheim, 2008; b) H.-P. Steinrück, P. Wasserscheid, Catal. 
Lett. 2015, 145, 380–397; c) V. I. Parvulescu, C. Hardacre, Chem. Rev. 
2007, 107, 2615–2665; d) P. Wasserscheid, W. Keim, Angew. Chem. Int. 
Ed. 2000, 39, 3772–3789; e) J. Dupont, R. F. de Souza, P. A. Z. Suarez, 
Chem. Rev. 2002, 102, 3667–3692; f) R. Sheldon, Chem. Commun. 
2001, 2399–2407. 
[3]       a) M. Cokoja, M. E. Wilhelm, M. H. Anthofer, W. A. Herrmann, F. E. Kühn, 
ChemSusChem 2015, 8, 2346–2354;; b) Q. He, J. W. O'Brien, K. A. 
Kitselman, L. E. Tompkins, G. C. T. Curtis, F. M. Kerton, Catal. Sci. 
Technol. 2014, 4, 1513–1528. 
[4]       a) S. A. Hauser, M. Cokoja, F. E. Kühn, Cat. Sci. Technol. 2013, 3, 552–
561; b) F. Cavani, J. H. Teles, ChemSusChem 2009, 2, 508–534. 
[5]     a) M. Crucianelli, R. Saladino. F. De Angelis, ChemSusChem 2010, 3, 
524–540; b) D. Betz, P. Altmann, M. Cokoja, W. A. Herrmann, F. E. Kühn, 
Coord. Chem. Rev. 2011, 255, 1518–1540. 
[6]       S.-S. Wang, G. Y. Yang, Chem. Rev. 2015, 115, 4893–4962. 
[7]       M. Fressancourt-Collinet, B. Hong, L. Leclercq, P. L. Alsters, J.-M. Aubry, 
V. Nardello-Rataj, Adv. Synth. Catal. 2013, 355, 405–420. 
[8]     J. H. M. Heijnen, V. G. de Bruijn, L. J. P. van den Broeke, J. T. F. Keurentjes, 
Chem. Eng. Proc. 2003, 42, 223–230. 
[9]      C. Venturello, R. D’Aloisio, J. Org. Chem. 1988, 53, 1552–1557. 
the N-alkyl chain. This is a central object of our further studies. 
This concept also opens the door to other IL catalysts with other 
nucleophilic metal- or metal-free oxo anions, which are less 
expensive and more abundant, yet as catalytically active as 
perrhenate.  
Acknowledgements  
CJM, RMR, MEW, MK, MHA and IIEM are thankful to the TUM 
Graduate School for financial support. 
Keywords: Epoxidation • homogeneous catalysis • ionic liquids • 
solubility • two-phase catalysis  
 
 
 
[10]    I. I. E. Markovits, W. A. Eger, S. Yue, M. Cokoja, C. J. Münchmeyer, B. 
Zhang, M.-D. Zhou, A. Genest, J. Mink, S.-L. Zang, N. Rösch, F. E. Kühn, 
Chem. Eur. J. 2013, 19, 5972–5979. 
[11]    a) A. Berkessel, in Modern Oxidation Methods (Ed. J.-E. Bäckvall), 2nd 
Ed., Wiley-VCH Weinheim, 2010, 117–145; b) A. Berkessel, J. Krämer, 
F. Mummy, J.-M. Neudörfl, R. Haag, Angew Chem. Int. Ed. 2013, 125, 
739–743; Angew. Chem. 2013, 52, 767–771. 
[12]    M. Cokoja, I. I. E. Markovits, M. H. Anthofer, S. Poplata, A. Pöthig, D. S. 
Morris, P. A. Tasker, W. A. Herrmann, F. E. Kühn, J. B. Love, Chem. 
Commun. 2015, 51, 3399–3402. 
[13]     P. A. Hunt, J. Phys. Chem. B 2007, 111, 4844–4853. 
[14]     M. H. Anthofer, M. E. Wilhelm, M. Cokoja, I. I. E. Markovits, A. Pöthig, J. 
Mink, W. A. Herrmann, F. E. Kühn, Catal. Sci. Technol. 2014, 4, 1749–
1758. 
[15]     a) H. K. Stassen, R. Ludwig, A. Wulf, J. Dupont, Chem. Eur. J. 2015, 21, 
8324–8335; b) M. Zanata, A.-L. Girard, N. M. Simon, G. Ebeling, H. K. 
Stassen, P. R. Livotto, F. P. dos Santos, J. Dupont, Angew. Chem. Int. 
Ed. 2014, 53, 12817–12821; Angew. Chem. 2014, 126, 13031 –13035. 
[16]    S. Dorbritz, W. Ruth, U. Kragl, Adv. Synth. Catal. 2005, 347, 1273–1279. 
[17]    K. Bica, P. Gärtner, P. J. Gritsch, A. K. Ressmann, C. Schröder, R. Zirbs, 
Chem. Commun. 2012, 48, 5013–5015.  
[18]    I. Goodchild, L. Collier, S. L. Millar, I. Prokeš, J. C. D. Lord, C. P. Butts, 
J. Bowers, J. R. P. Webster, R. K. Heenan, J. Colloid Interface Sci. 2007, 
307, 455–468. 
[19]    J. Bowers, C. P. Butts, P. J. Martin, M. C. Vergara-Gutierrez, Langmuir 
2004, 20, 2191–2198. 
[20]     Z. Miskolczy, K. Sebők-Nagy, L. Biczók, S. Göktürk, Chem. Phys. Lett. 
2004, 400, 296–300. 
                                                 
COMMUNICATION          
 
 
 
 
 
Entry for the Table of Contents  
 
 
COMMUNICATION 
Imidazolium perrhenate ionic liquids 
are effective catalysts for the 
epoxidation of unfunctionalized olefins 
using hydrogen peroxide as oxidant. 
The catalytic activity strongly depends 
on the the IL solubility in aq. H2O2, 
which is regulated by the nature of the 
cation. The IL catalysts significantly 
enhance the solubility of olefins into 
the aqueous phase, allowing for the 
reaction to take phase in water. 
   M. Cokoja,* R. M. Reich, M. E. Wilhelm, 
M. Kaposi, J. Schäffer, D. S. Morris, C. 
J. Münchmeyer, M. H. Anthofer, I. I. E. 
Markovits, F. E. Kühn, W. A. Herrmann, 
A. Jess, J. B. Love 
Page No. – Page No. 
Olefin Epoxidation in Aqueous Phase 
Using Ionic Liquid Catalysts:  
Influence of the Cation on the 
Catalyst Activity and the Solubility of 
the Substrate in Water 
 
  
 
 
